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I. INTRODUCTION AND MOTIVATION
The pulsed x-ray source presented here was developed as a new tool in an ongoing search for scintillators that could improve the performance of PET (positron emission tomography) detector crystals. Faster and brighter scintillators may improve both the detector recovery time and the ability to reject events that Compton scatter in the patient. New scintillators could also reduce the detector cost. In previous efforts to find new scintillators, an electron synchrotron was used in single-bunch mode to measure the x-ray excited fluorescence of over 400 compounds [1, 2] , but use of a synchrotron is costly and time-consuming. In an effort to reduce the cost and increase the ease of making these measurements, my colleagues and I have developed a bench-top pulsed x-ray source.
The design priorities for the pulsed x-ray source included compact size, low cost, 'the capability to observe fluorescence from powders as well as crystals, and the capabilit)' to determine scintillation time structure on the order of tens of picoseconds. The incorporation of a light-excited x-ray tube manufactured to produce very brief(== 100 ps) pulses of x-rays [3] made these priorities realistic. This report describes the design and characterizes the performance of the pulsed x-ray source. In doing so, it draws extensively upon the material contained in references [4] and [5] .
II. SYSTEM DESIGN

A. General Design
The two primary components of the pulsed x-ray source are the light-excited x-ray tube and the diode laser, as shown diagramatically in Figure 1 . The x-ray tube is essentially a single-stage photomultiplier tube, with a photocathode which releases electrons when light is absorbed. The electrons are accelerated across 30 kV (typically) into a tungsten anode, and x-rays are produced when the electrons impact the anode. x-ray source presented here, a diode laser was used as the light source because of its short laser pulse duration, easily varied repetition rate, and relatively low cost.
Beryllium Exit Window
Because this pulsed x-ray source generates ionizing radiation, extensive safety precautions were necessary in the system design. Most notably, an interlock circuit was implemented such that no single point failure will result in operator exposure to x-rays. (Electrical design drawings for the safety interlock circuit are provided in Appendix A, and both a safety evaluation and a safety test procedure for the system are included in Appendix B.) Figure 2 . Photograph of the pulsed x-ray source.
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4 Figure 2 is a photograph of the pulsed x-ray source. The steel box on the table top is the sample chamber, and directly behind it is the x-ray tube. (Mechanical design drawings of the sample chamber and the x-ray tube housing are included in Appendix C.) The laser diode is mounted above the x-ray tube, and the laser diode controller is on the stand above the table top. The sample chamber is evacuated by the pump under the table top. As the system is configured in this photograph, scintillation light passes through the quartz telescope on the right side of the sample chamber and into a microchannel plate photomultiplier tube. The high-voltage power supply, which powers the x-ray tube, and the x-ray control panel, which includes the safety interlocks and a current meter for monitoring the x-ray tube cathode current, are both mounted in the lower right portion of the table.
B. Component Characteristics
The characteristics of the diode laser and the light excited x-ray tube are summarized in Table I and   Table II , respectively. 
A. System Impulse Response
We measured a 97 ps fwhm time spread for the laser diode coupled to a microchannel photomultiplier tube. A 41 ps fwhm (full-width at half-maximum) time spread for the photomultiplier tube was derived from a factory-measured combined time spread of 50.8 ps for the photomultiplier tube and a diode laser by assuming addition in quadrature of the pulse widths and using the known 30 ps laser pulse width for 5 that laser. Deconvolving this 41 ps contribution from the 97 ps measurement yields a value of 88 ps fwhm for the pulse _duration of our laser. The theoretical estimate for the time spread of the x-ray tube is 31 ps, based on the design of the tube [6] . By combining in quadrature the 88 ps fwhm laser diode pulse width with the 31 ps estimated time spread of the x-ray tube, we obtain a 93 ps fwhm predicted x-ray pulse width.
Note, however, that this width may be optimistic since addition in quadrature is valid only if the time spreads are Gaussian, which is not exactly true, and since the determination of the 41 ps fwhm time spread for the photomultiplier tube did not consider the time spread of the electronics. (See [7] for further discussion of the predicted impulse response.)
We are not equipped to measure directly the x-ray pulse width. (Such a measurement could be made using an x-ray streak camera, as is done in reference [8] for a similar application.) As an approximation to this measurement, we added an ultra-fast scintillator and a microchannel plate photomultiplier tube to the system in order to obtain fluorescence data as an upper limit on the impulse response of the laser diode, the x-ray tube, and the photomultiplier tube. The scintillator used was malachite green oxalate in crystal form, which likely has a fluorescence decay time of 10-30 ps (based on fluorescence decay times of malachite green solutions [9] ). The data were collected over 235,000 seconds. (The procedure for obtaining fluorescence decay time spectra is included in Appendix D.)
The observed fluorescence time structure of the malachite green is shown in Figure 3 . As noted in the figure, the full-width at half-maximum for the peak is 120 ps. We can conclude, then, that the system impulse response for the laser diode, x-ray tube, and microchannel plate photomultiplier tube has a width less than 120 ps, which is consistent with the above estimate of 93 ps for the x-ray pulse width. The secondary peak in Figure 3 has not yet been explained and further measurements are required to determine its origin, but it is a stable artifact.
B. Energy Spectra of X-Rays
The measured spectral output of the x-ray source was obtained using a lithium-drifted silicon detector.
The detector was cooled to liquid nitrogen temperatures and had an energy resolution of 180 e V fwhm at 2 Jl.S peaking time. The detector was positioned 14 em from the x-ray tube anode, with a lead pinhole collimator placed over the detector to limit the count rate. Each spectrum was collected over 1800 seconds using a 200 kHz laser diode pulse repetition rate, and corrections were made for limited absorption of high-energy x-rays in the 6 mm-thick detector (a 21% adjustment at 30 ke V). The data in these energy spectra were used for the remaining figures. (The background flux of the x-ray source in the absence of laser light has been subtracted from the following figures, with an extrapolated value used for the case with a 32 kV tube bias and no filtration. This background flux will be discussed in a later section.) Figure 4 shows the spectral output of the pulsed x-ray source at various tube biases. These spectra are typical for x-rays generated by an x-ray tube with a tungsten anode, with bremsstrahlung radiation at high energies and the characteristic tungsten peaks around 10 keV. The additional peaks between 5 keV and 8 ke V correspond to iron, chromium, manganese, and copper characteristic peaks from fluorescence of various system components.
In practice, we place a 0.51 mm aluminum filter in the x-ray beam to eliminate most of the low-energy xray photons. These low energyphotons would be absorbed in the quartz cuvette holding the sample; they would not contribute to the fluorescence signal from the sample and in fact would generate a low level of fluorescence from the quartz. The spectra which result after aluminum filtering are shown in Figure 5 .
As a confirmation that the spectra of Figure 4 and Figure 5 are indeed typical for x-rays generated by an
x-ray tube with a tungsten anode, I compared the observed spectra at 30 kV tube bias to theoretical spectra calculated using the TUBDET program from Lawrence Livermore National Laboratories [10] . Figure 6 shows both the observed x-ray spectra and the theoretical spectra. The observed spectra are scaled to compensate for differences in lead pinhole size, and the two theoretical spectra are independently scaled to match the observed spectra in counts at 18 keV. (The scalings of the theoretical spectra differ by 15%, which is consistent with the 25% observed flux error proposed in the caption of Figure 8 .) The theoretical and observed spectra differ only in low energy content and in the slope at high energies. The difference at the low-energy end was previously explained in this report as fluorescence from other system camponents. The difference in slope at the high-energy end has not been explained, although it may be a result of inconsistencies between the TUBDET calculations and the non-traditional design of the x-ray tube. en ...... 
C. X-Ray Flux
The relative flux of x-ray photons was determined by integrating the counts in the spectra and making minor corrections ( <2%) for system dead time. This relative flux was converted to the absolute flux in _number of x-ray photons per laser diode pulse per steradian by using the distance from the x-ray tube anode to the detector, the size of the lead collimator pinhole, and the laser pulse repetition rate. The result is shown in Figure 8 . The flux increases nearly linearly with tube bias.
Multiplying the flux of Figure 8 by the mean photon energy of Figure . 7 yields the energy deposited per laser diode pulse per steradian, which is shown in Figure 9 . As expected, the higher mean photon energy for the filtered case compensates somewhat for the lower flux, so that the filtration loss is not as dramatic for energy deposited as for photon flux. Knowledge of the energy deposited per laser diode pulse is important for determining fluorescence efficiencies. 
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• The pulsed x-ray source generates a background x-ray flux in the absence of laser diode light. In the model of the light-excited x-ray tube as a single stage photomultiplier tube, this would be the x-ray flux resulting from dark current. Characterizing this background flux is necessary to determine the extent to which it contributes noise to fluorescence time spectra.
We have observed a significant variation in the background flux over the life of the tube thus far. Two months after we began using the tube, the dark current at 30 kV tube bias decreased by a factor of twenty, apparently as a result of a spontaneous discharge within the x-ray tube. Since that time, the dark current at 30 kV tube bias has increased slightly but remains a factor of ten below the original level. Tube Bias (kV) Figure 10 . Background x-ray flux in the absence of laser light.
Observations suggest that the background flux rate is independent of laser diode repetition rate. This has not been directly verified, but the tube cathode current at a given tube bias with the laser on appears to be the sum of the dark current at that bias (as measured with the laser off) and a value which is essentially independent of tube bias, as shown in Figure 11 . The dark current, then, appears to be independent of laser operation, which suggests that the background flux is independent of laser operation as well.
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IV. CONCLUSIONS
The pulsed x-ray source developed in our lab has several appealing features for the characterization of fast scintillators. It is a compact, table-top device, and it is relatively inexpensive with a parts cost of about $50,000 (U.S.). It has a pulse width of less than 120 ps fwhm and with a well-characterized impulse response it can be used to determine fluorescence decay times to within 50 ps. The repetition rate of the xray pulses can easily be varied by adjusting the laser diode pulse repetition rate. Single fluorescence ' photons can be detected and spectra can be averaged over time, so that accurate measurements of weak 13 fluorescence can be made. Finally, a monochromator can readily be incorporated to select fluorescence wavelengths or to obtain fluorescence spectra.
The pulsed x-ray source also has a few limitations, which include the existence of a background flux, a low total flux, and a 30 keV maximum x-ray photon energy. The background flux is a limitation for applications in which timing information is required, but with the use of a high laser repetition rate (or windowing of data acquisition around the laser pulse, or use of a brighter light source) a high ratio of desired x-rays to background x-rays can be achieved. Also, the background flux simply generates a low uniform background in time-averaged fluorescence time spectra. The low total flux is only a limitation for applications requiring a high flux (such as acquisition of fluorescence wavelength spectra) and could be overcome by using a more intense light source. (The laser diode used here generates about 1/500 of the rated x-ray tube cathode current of 50 JlA.) The 30 keV maximum photon energy may not be high enough for some applications, but it is sufficient for the intended purpose of scintillator characterization. 
D. Evaluation:
I. Radiation exposure protection: a). Safety systems: 1). Fully enclosed system. The x-ray tube and the x-rays are enclosed in a steel box with 1/4" thick walls. Any access to the interior of the box while the x-ray tube is operating is precluded by interlocks. 2). Limited x-ray energy.
The x-rays are limited to 40 kV by the capabilities of the high-voltage power supply. 3). Adjustable current trip switch.
The high voltage power supply includes a current trip switch, which is set below the 50 uA maximum current rating of the x-ray tube. This switch will shut down the power supply if the current to the tube exceeds the set level. This limits the level of x-ray radiation which can be produced. 4). Interlocked area monitor.
A large plastic ionization chamber above the facility constantly monitors the area for radiation. It is incorporated into the interlock chain. If significant levels of radiation are detected, the monitor will sound an audible alarm and will shut down the x-ray system. 5). Interlocked "X-RAY ON" light.
If the light bulb in the "X-RAY ON" light fails, the x-ray system will shut down and will not restart until the bulb has been replaced. (A test switch is used to test this feature.) 6). Redundant interlocks.
The entire interlock chain controls the high voltage power supply through two independent interlock connections, one of which is a mechanical relay in the AC power input of the high voltage power supply. (These two interlocks can be independently tested to ensure redundancy.) 7). Panic switch.
A red panic switch is prominently mounted on the table top in front of the x-ray tube housing. This switch will disable the x-ray system.
8). Power interrupt protection
If the power to the x-ray facility is interrupted, the system will not resume high voltage production until manually restarted. b). Safety management: 1). Only authorized users, trained by an authorized instructor, may use this facility.
2). Access to high voltage requires an high-voltage enable key which is available from the system supervisor or his designate. 3). The interlock system is equipped with indicator lights which identify the location of a break in the interlock chain. 4). Signs warning of radiation hazard are posted at the room entrance and near the facility. 5). A red light illuminates an "X-RAY ON" sign above the facility if (and only if) high voltage is applied to the x-ray tube. 6). All personnel operating the x-ray facility must wear dosimetry badges. 7). Copies of the OSP and this SSA are located near the facility in room 55-200.
High voltage safety: a). Safety systems: 1). Interlocked high voltage access.
Before accessing any high voltage areas, two levels of guards must be removed, the first of which includes an interlock switch. This system ensures that any dangerous voltages will have decayed to safe levels before human contact. 2). <51 of stored electrical energy.
According to the manufacturer of the high voltage power supply (Gamma High Voltage), the power supply and its cable store less than the potentially lethal dose of 5 1 of electrical energy. The measured capacitance of the power supply, the cable, and the tube is 4.13 nF, for a stored energy value (.5 C V 1). A braided grounding cable is connected between the high voltage power supply and the x-ray tube housing. This is a redundant grounding connection which is highly visible when the high voltage cable is removed. 2). Two current meters and a voltage meter are incorporated into the system. One of the current meters and the voltage meter are on the high voltage power supply. The other current meter is on the interlock/control panel. 3 ). Labels warning of high voltage hazards are posted in appropriate locations.
3. Laser safety a). Safety systems: 1). Low-intensity laser.
The laser used is a Class II laser. (Wavelength 650 nm, peak power 100 mW, pulse duration 100 ps FWHM, max. repetition rate 10 MHz. Max. average power 100 J.LW.) The only necessary precaution is to avoid staring directly into the beam. b). Safety management: I). The power supply for the laser is controlled by a key.
2). Labels indicating caution are posted in appropriate locations.
F. Testing protocol checklist:
For pulsed x-ray facility in bldg. 55, rm. 200. Six month period. Steve Derenzo (x4097), system supervisor. 2.
3.
4.
5.
6.
7.
8.
9.
10. _ _ _
_ _ _ ACTION
If in any of the following steps this facility fails to act as expected, shut down the system, record any observations in the system log book, notify one of the system maintenance personnel, and proceed to section G. 
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PURPOSE
The purpose of these procedures is to expose powdered samples to brief pulses of x-rays and to measure the time distribution of the resulting fluorescent emissions.
PRINCIPLE OF OPERATION
The laser diode controller produces periodic timing pulses (the "start" pulses) and the necessary signals to drive the laser diode head. The laser diode produces 100 ps pulses of red light (65\0 nm) that are focused onto the photocathode of a special "light excited x-ray tube." Photoelectrons emitted into the vacuum within the tube are accelerated through a potential of 30 kV to a tungsten anode where they produce x-rays. Some of these x-rays exit the beryllium window of the x-ray tube. An additional aluminum window separates the x-ray tube box from the sample chamber. X-rays striking the sample produce fluorescent photons that are focused by a quartz-lens telescope onto the photocathode of a microchannel phototube capable of detecting single photons in the 160-600 nm range with a time resolution of 50 ps. The output of the microchannel phototube is sent to a lOX amplifier with a bandwidth of 2.1 GHz and then to a discriminator that produces a "stop" pulse. This discriminator has been specially modified to handle the fast pulses produced by microchannel phototubes.
In one mode, a "tac" (time to analog converter) converts the start and stop pulses into analog pulses, whose height is proportional to the time difference between the start and stop pulses. The analog pulses are sent to a pulse height analyzer where they are classified according to pulse height and accumulated in histogrammer memory. In this mode, the laser diode is run at a maximum rate of 200 kHz because it is difficult for the tac to handle start pulses at a higher rate. The time range for this mode is 8000 channels x 10.5 ps per channel"" 80 ns, and the timing resolution is about 100 ps full width at half maximum (fwhm). In a separate operation, the time bins are "compressed" to produce a more compact data set with about 830 channels.
In another mode, a "tdc" (time to digital converter) uses the start and stop pulses to produce a number proportional to the time difference between the start and stop pulses. These numbers are accumulated in histogrammer memory. With a laser diode rate of 200 kHz, the pulses are separated by 5000 ns and the practical data range is 4000 ns. The time channels near zero are 78 ps wide and data compression is accomplished "on the fly" to produce a data set of about 1200 channels. The timing resolution in this mode is about 300 ps fwhm.
In the compression algorithm, the 500 time channels near zero are kept separate, but for times earlier or later, the channel contents of 2N neighboring channels are combined into one channel, where N increases progressively as the time difference from zero increases.
